Niobium pentoxide (Nb 2 O 5 ) has been extensively studied as anode materials for lithium ion batteries (LIBs) due to its good rate performance and safety advantages. However, the intrinsic low electronic conductivity has largely restricted its practical application. In this work, we report the construction of mesoporous T-Nb 2 O 5 nanofibers by electrospinning followed by heat treatment in air. The interconnected mesoporous structure ensures a high surface area with easy electrolyte penetration. When used as anodes for LIBs, the mesoporous Nb 2 O 5 electrode delivers a high reversible specific capacity of 238 mA h g electrode also exhibits excellent rate capability. The enhanced electrochemical performances are attributed to the synergistic effects of porous nanofiber structure and unique crystal structure of T-Nb 2 O 5 , which has endowed this material a large electrode-electrolyte contact area with improved electronic conductivity.
INTRODUCTION
Lithium-ion batteries (LIBs) are considered to be one of the most promising power sources for electronic devices because of their high energy density, no memory effect, little self-discharge and environmental benignity [1-3]. As a low-cost material, graphite is the most widely used anode so far due to its good conductivity and stable physical properties. Unfortunately, its immanent drawbacks, such as low energy and power density, poor rate capacity, limited cycle life, and safety issues, have largely restricted its future utilization in LIBs [4] [5] [6] . Thus, it is imperative to develop alternative anode materials to address the above issues for next-generation high-performance LIBs.
Recently, some metal oxides MO x (M=Co, Ni, Mn, Cu, Fe, Sn) have attracted intensive attentions for LIBs because of their high theoretical capacity, abundant sources and environmental benignity [7] [8] [9] . However, the MO x electrodes usually suffer from a huge volume expansion during the insertion and extraction of lithium ions (Li + ), resulting in a severe irreversible capacity loss and poor cycling capability, which is unfavorable to their largescale commercialization [10] [11] [12] [13] [14] . Among these, niobium pentoxide (Nb 2 O 5 ) has been widely studied because of its slight volume changes upon cycling and high lithiation potential (1.0-2.0 V vs. Li/Li + ). The unique lithiation potential which is higher than that of the formation voltage of solid electrolyte interface (SEI) can suppress lithium dendrite deposition on the electrode surface, thereby relieving electrode pulverization and improving safety and cycling capability [15, 16] . As reported, Nb 2 O 5 has a class of polymorphic forms, including amorphous (a-Nb 2 O 5 ), orthorhombic (T-Nb 2 O 5 ), pseudo hexagonal (TT-Nb 2 O 5 ) and monoclinic (M-Nb 2 O 5 ) [17] [18] [19] . The previous electrochemical results have suggested that TNb 2 O 5 possesses a good battery performance owing to its unique properties such as layered structure, high chemical stability and open intrinsic framework [20] . Nonetheless, the poor intrinsic electrical conductivity (3×10 −6 S cm −1 ) results in a sluggish Li + diffusivity, leading to the poor cycling stability and rate capacity [21] . The common strategies to address the abovementioned issues are to enhance intrinsic electronic/ionic conductivity and reduce the diffusion length for ions/electrons within the electrode. Carbon coating is an efficient way to improve the conductivity of electrode materials, which has been previously reported in LIBs. For examples, Kim et al. [22] has prepared Nb 2 O 5 /carbon electrode, which exhibits a stable cycle life and outstanding rate capability. However, the specific capacity is not satisfactory. Construction of nanostructured materials can also enhance the electrochemical performances. Through downsizing the particle size to nanoscale, materials could show higher surface area, which can improve the interface between the electrode and electrolyte so as to shorten the diffusion pathway of electrons and ions. To date, various Nb 2 O 5 nanostructures have been synthesized, such as nanobelts [23] , nanotrees [24] , nanosheets [25] and nanowires [26, 27] . Particularly, 1D nanomaterials with the merits of short ion diffusion distance, facile electron transportation channel and quick electrolyte infiltration have received more research attentions [28] . For example, Liu and co-workers [29] synthesized 1D Nb 2 O 5 nanobelts, which exhibit a reversible capacity of 95.8 mA h g −1 after 200 cycles at 1 A g −1 in a voltage range of 1.0-3.0 V. However, the long-term cycling stability and rate capability of these simplex nanostructures are still far from satisfaction for the industrial use [30, 31] . Fabrication of nanomaterials with porous structure could further provide more active sites, decrease the diffusion length and facilitate electrolyte penetration. Meanwhile, the void space in the porous structure can buffer the volume change upon cycling, which is helpful to keep the structural integrity of electrodes during cycling [32, 33] . Sasidharan et al. [34] In this work, we reported interconnected-mesoporous T-Nb 2 O 5 nanofibers via electrospinning followed by calcination process. The obtained nanofibers are of high porosity and the mesopores are interconnected with one another. When used as anodes for LIBs, this material exhibited excellent electrochemical performances in the voltage ranges of 0.01-3.0 V and 1.0-3.0 V, including good rate capabilities and long-term cycling stabilities.
EXPERIMENTAL SECTION

Synthesis of Nb 2 O 5 porous nanofibers
All the solvents and chemicals were of analytical grade and used without further purification. A solution was prepared by dissolving 0.025 mmol niobium hydroxide oxide (H 5 Nb 3 O 10 ) and 0.225 mmol oxalic acid dehydrate (H 2 C 2 O 4 ·2H 2 O) in 1 mL of deionized water under magnetic stirring at 80°C for 10 min. Then the above solution was added into 9 mL of N,N-dimethylformamide (DMF), followed by the addition of 1 g of polyvinylpyrrolidone (PVP) under magnetic stirring at room temperature to form a homogeneous transparent viscous solution. Subsequently, the well-mixed electrospinning solution was transferred into a 10 mL plastic syringe with a 20-gauge stainless steel needle positioned 15 cm away from the collector. During the process, the applied direct current (DC) voltage was 12 kV and the solution flow rate was kept constant (0.4 mL h −1 ). The as-synthesized precursors were collected on the aluminum foil wrapped around the rotating drum. After that, the porous Nb 2 O 5 nanofibers were obtained by annealing the precursors at 600°C in air for 2 h with a heating rate of 2°C min
.
Materials characterization
The crystal structure of the samples was confirmed by powder X-ray diffraction (XRD) measurements using the Rigaku D/max 2500 X-ray diffractometer (Cu Kα radiation, λ=1.54178 Å). The thermal behavior of the obtained precursors was conducted from ambient temperature to 800°C at a heating rate of 10°C min −1 in air on a combined thermogravimetric (TG) and differential scanning calorimetry (DSC) analysis instrument (Netzsch STA 449C, Germany). The morphologies and structures of the samples were characterized by field-emission scanning electron microscopy (FESEM, FEI Nova NanoSEM 230) and high-resolution transmission electron microscope (HRTEM, FEI Tecnai G2 F20). Nitrogen adsorptiondesorption isotherm measurements were performed on a Micromeritics ASAP 2460 to study the specific surface area and pore-size distribution of the samples.
Electrochemical measurement
The electrochemical measurements were carried out in CR2016 type coin cells. The electrode materials were mixed with super-P and sodium carboxymethyl cellulose (CMC) at the weight ratio of 80:10:10 in distilled water to form slurry, which was coated on copper foil followed by drying in a vacuum oven at 80°C for 12 h. The mass loading of the active material was around 1 mg cm −2 . All 
RESULTS AND DISCUSSION
The overall fabrication process of the interconnectedmesoporous Nb 2 O 5 nanofibers is illustrated in Fig. 1a . Briefly, a homogeneous solution of niobium hydroxide oxide, oxalic acid and PVP was electrospun into nanofiber precursors. Then, the precursors were thermally treated at 600°C in air for 2 h to obtain mesoporous Nb 2 O 5 nanofibers. During the calcination process, the niobium oxalates were in-situ transformed into Nb 2 O 5 , whereas interconnected-mesoporous were formed as a result of the pyrolysis of polymer. The morphology and nanostructure of the porous nanofibers were characterized by SEM and TEM. SEM images in Fig. S1 shows the morphology of the as-spun precursors. The precursor nanofibers are highly uniform with a diameter of 100 nm and show a smooth surface. Fig. 1b shows the SEM image of the as-synthesized Nb 2 O 5 nanofibers derived from the as-spun fiber precursor. It reveals that the nanofiber structure is well preserved with the diameters unaltered, suggesting the structural robustness of these 1D nanostructures. A higher magnification (Fig. 1c ) further reveals that a rough surface of the fibers and numerous pores can be observed clearly, which could be ascribed to the oxidation or decomposition of the polymers and niobium oxalates during the calcination process. Fig. 1d shows the elemental mapping of the mesoporous Nb 2 O 5 nanofibers, where Nb and O are homogeneously distributed along the 1D structure. The further TEM images ( Fig. 1e-g ) have further reflected the details of the unique porous nanofiber structure. As shown in Fig. 1e , the bright spots on the Nb 2 O 5 nanofibers confirm the existence of mesopores, which is consistent with the SEM results. Additionally, a higher magnification image (Fig. 1f) shows that the mesoporous features are throughout the nanofiber and connected with one another. The HR-TEM image of a nanofiber (Fig. 1g DSC and TG analysis were carried out to investigate the decomposition of precursors during the calcination process, and the results are shown in Fig. 2a . The mass loss mainly results from the elimination of remaining moisture and DMF before 300°C, which adds up to about 20.55%. Between 300 and 560°C, a large mass loss of 65.55% can be observed, which can be ascribed to the decomposition of polymer and niobium oxalates. The DSC curve shows strong peaks at approximately 520°C and 430°C, confirming the decomposition reactions. The weight is stabilized after 600°C, implying that the decomposition is completed. Therefore, 600°C is the optimal annealing temperature for the formation of T-Nb 2 O 5 nanofibers. Fig. 2b shows the XRD pattern of the obtained Nb 2 O 5 nanofibers after annealing in air at 600°C for 2 h. All the diffraction peaks can be indexed to orthorhombic Nb 2 O 5 (space group: Pbam (55), JPCDS No. . No other residual peaks are detected, indicating a high purity of the obtained Nb 2 O 5 nanofibers. Moreover, the high intensity of the diffraction peaks manifests good crystallinity of this Nb 2 O 5 product. Fig. S3 shows the XRD pattern of the commercial Nb 2 O 5 samples, which has the same type of crystal structure of the assynthesized mesoporous Nb 2 O 5 nanofibers. However, the peak intensity is much higher, suggesting much larger crystallite size.
To characterize the porosity of the Nb 2 O 5 porous nanofibers, N 2 adsorption-desorption measurements at 77 K were conducted. The adsorption/desorption isotherm curves (Fig. 3a) display type-IV isotherm with type-H3 hysteresis loop at the relative pressure (P/P 0 ) ranging from 0.5-1.0, demonstrating the mesoporous texture of the nanofibers [35] . According to the Brunauer-EmmeltTeller (BET) method, the specific surface area of these mesoporous Nb 2 O 5 nanofibers is calculated to be 31.03 m 2 g −1 , which is higher than that of commercial , Fig. S4 ). The high surface area of Nb 2 O 5 nanofibers can be attributed to its mesoporous 1D structure. Fig. 3b displays the pore-size distribution calculated by the Barrett-Joyner-Halenda (BJH) method, which shows the pores are mainly in the range of 2-30 nm. The unique interconnected-mesoporous structure could shorten diffusion length of charged ions, provide more active sites, and enlarge the contact area of active materials and electrolyte during the electrochemical reactions.
The interconnected-mesoporous Nb 2 O 5 nanofibers were further assembled into 2016 coin cells to investigate their lithium storage properties. 5 , where x represents the degree of lithium insertion and x varies from 0 to 2 [37, 38] . , and 100 th cycle and the cycling performance curves at the current density of 0.1 A g −1 are shown in Fig. 4c and d . When the cut-off was set to 0.01-3.0 V, the discharge-charge profiles (Fig. 4c) are well defined and located at around 1.85 and 1.68 V (except for the first cycle), in agreement with the CV peaks (Fig. 4a) . The initial discharge and charge specific capacities are 478 and 336 mA h g −1 respectively, indicating an initial coulombic efficiency of 70.3% (Fig. 4e) . The large irreversible capacity loss is mainly attributed to the decomposition of electrolyte and the formation of SEI films. After 120 cycles, the reversible specific capacity can still remain 326 mA h g −1 (a capacity retention of 68.2%), demonstrating a good cycling stability and high reversible capacity (Fig. 4e) . When the cut-off voltage was set to 1.0-3.0 V, the initial discharge and charge specific capacity are 215 and 180 mA h g −1 , respectively, indicating an initial cycle coulombic efficiency of 84% (Fig. 4d) . Higher coulombic efficiency than that in 0.01-3 V could be ascribed to the absence of irreversible phase transformation and formation of SEI film, which consumed extra Li + . Thereafter, the coulombic efficiency rises to around 99% and is observed to be stable. After 120 cycles, the reversible discharge specific capacity is 184 mA h g −1 (a capacity retention of 87%), demonstrating a high cycling stability and good capacity retention in the voltage range of 1.0-3.0 V. , respectively. While the current density was reset to 0.1 A g −1 , the electrode can recover its . . . . . . . . . . . . . . . . . . . . . . . . . . . . capacity, even a little higher than the capacity before rate test. These results demonstrate that the mesoporous Nb 2 O 5 nanofiber electrode possesses a remarkable rate capability and cycling stability in both 0.01-3.0 V and 1.0-3.0 V. Fig. 5a shows the long-term cycling performance of the mesoporous Nb 2 O 5 nanofibers and the commercial Nb 2 O 5 electrode at a current density of 1 A g −1 . Both of them have a gradual capacity decrease in the initial several cycles, due to the drastic structural reorganization accompanied by the decomposition and reformation of the electrolyte, which has been described in many previous reports [25, 38, 39] . For the porous Nb 2 O 5 nanofibers at 0.01-3.0 V, the discharge capacity begins to increase in the subsequent cycles. Even after 1,000 cycles, the discharge capacity of porous Nb 2 O 5 electrode can still stabilize at~238 mA h g −1 . The increasing discharge capacity can be attributed to the activation processes upon cycling [40, 41] . After repeated cycling, the porous structure can be effectively restructured and the SEI layers can be optimized as well. Furthermore, the interconnected mesoporous nanofibers expose many active sites, leading to the increment of capacity in the subsequent cycles [42] . For comparison, the commercial Nb 2 O 5 electrode only delivers a stable discharge specific capacity of 40 mA h g −1 .
Besides, when the voltage range was set to 1.0-3.0 V, the ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   470 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Moreover, the porous Nb 2 O 5 nanofibers electrode has a much smaller equivalent resistance than the commercial Nb 2 O 5 electrode (Fig. 5b ). These results demonstrate that the interconnected-mesoporous structure of the obtained Nb 2 O 5 nanofibers accelerates the lithium-ion and electrons diffusions and leads to excellent electrochemical performances.
A comparison on electrochemical performances of this work and other previous reported Nb 2 O 5 anode materials for LIBs is shown in Table 1 . The as-synthesized porous Nb 2 O 5 nanofibers deliver higher electrochemical performances than those of previous studies, in terms of both specific capacity and cycling stability.
CONCLUSIONS
In summary, porous Nb 2 O 5 nanofibers were successfully fabricated via a facile electrospinning method followed by heat treatment. The obtained nanofibers are of high porosity with a diameter of approximately 100 nm. The abundant interconnected mesopores can create well-defined channels for the diffusion of ions and electrons, provide more active sites and facilitate the electrolyte penetration. When used as anode materials for LIBs, the as-synthesized porous Nb 2 O 5 nanofibers deliver excellent electrochemical performances at two different voltage ranges (0.01-3.0 V and 1.0-3.0 V), including rate capability and cycling stabilities. These results demonstrate that design of Nb 2 O 5 nanofibers with interconnected mesopores is an efficient way to improve the lithium storage properties of Nb 2 O 5 materials. 
